Abstract: Deciding on equipment from a set of feasible alternatives for excavation purpose in open pit mines is a critical task for the engineers and contractors since it considerably affects the project costs and productivity. Alternatives of rock excavation equipment, which are deemed suitable for the diggability of rock units in open pits, can have many technical specifications or factors that should be considered simultaneously. It can be successfully selected in a scientific way by employing multi-criteria decision making methods by means of taking the advantage of engineering knowledge, intuition and past experiences. In this study, we select the most convenient hydraulic excavator for a magnesite mine by fuzzy multi criteria decision making methods: fuzzy TOPSIS and fuzzy VIKOR. The fuzzy approach allows the experienced engineers to compare the multiple criteria (technical factors) and the possible alternatives of rock excavation machines by simply using linguistic expressions in their natural language.
Introduction
The excavability or diggability of rocks in open pit mines has a major importance on selecting of excavation equipment. The right equipment selection by taking into account site specific conditions is the most important phenomena affecting the productivity in surface mining oper-*Corresponding Author: Melih Iphar: Mining Engineering Department, Eskisehir Osmangazi University, Eskisehir, 26480, Turkey; Email: miphar@ogu.edu.tr; Tel.: +90-222-2393750-3422 Serafettin Alpay: Industrial Engineering Department, Eskisehir Osmangazi University, Eskisehir, 26480, Turkey; Email: salpay@ogu.edu.tr ations. It mainly depends upon mine site related considerations including several factors such as annual production target, formation properties to be excavated, face height and angle, bench width, maneuvering space, floor conditions and blasting restrictions. It is also affected by intact strength of the rock, bulk density, bulking factor and water content which influences the adhesion or stickiness of the excavated material.
Hydraulic excavators are considered as productive and practical machines used for rock excavation purposes in open pit mines. The field engineers frequently encounter with a major challenge of deciding on a hydraulic excavator to meet the technical, operating and economic requirements of their mines. Due to the complexity of taking into account the equipment related technical considerations and mine conditions, it is extremely important to formulate the decision process for evaluating the excavator alternatives and pick the best option before surface mining operation. In such cases, multi criteria decision making (MCDM) methods should be utilized to find sufficiently good alternative from a set of feasible alternatives attaining the goal of each criteria [1, 2] . Many different MCDM methods such as AHP [3] (Analytic Hierarchy Process), TOPSIS [4] (The Technique for Order of Preference by Similarity to Ideal Solution), FMADM (fuzzy multiple attribute decision making), VIKOR [5] (VlseKriterijumska Optimizacija I Kompromisno Resenje), ELECTRE [6] (ELimination Et Choix Traduisant la REalité) and PROMETHEE [7] (Preference Ranking Organization Method for Enrichment Evaluations) have been developed to cope with different multi-criteria decision problems.
As an important research branch of decision-making theory, MCDM has gained great success in various fields such as engineering, business, medical and related health sciences, environmental science, and the natural sciences [8] . In the field of mining engineering, many scholars have introduced successful MCDM applications such as equipment selection for open pit mines [9, 10] , drilling technology investment analysis, ground support design, tunneling systems design, shaft location selection, mine planning risk assessment [11] , loading-hauling system/equipment selection [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , mining method selection [22] , hydraulic excavator selection [23] , ore transport system selection [24] , wheel loader selection [25, 26] , and truck selection for an open pit [27] . Table 1 lists the MCDM methods preferred by the scholars and their application purposes in mining.
In many decision making process, it is very hard task for a decision maker to express his/her opinions by giving crisp values. Experts usually rely on their domain knowledge and experience to evaluate the alternatives and criteria. A decision maker can easily evaluate a criterion by linguistic terms such as "very low; low; medium; high; very high". Therefore, the decision theories and methods based on linguistic terms have wide application potentials and huge benefits [8] .
Noticing that the fuzzy set theory is much closer to human's subjective cognition and representation is so powerful in a decision making problem, we are motivated to use fuzzy logic based MCDM methods in equipment selection for a mine. For this purpose, two fuzzy MCDM methods, namely; fuzzy TOPSIS and fuzzy VIKOR, are used to select a suitable hydraulic excavator from the equipment alternatives in the market for an open pit mine. In this way, fuzzy logic approach allows the decision maker to evaluate the decision criteria in linguistic expressions based on the experts' engineering knowledge, experience, intuition, and judgement.
The rest of this paper is organized as follows: In the next section, we explain the computational process of fuzzy-TOPSIS and fuzzy-VIKOR methods. Afterward, we describe the study area together with decision problem in the studied mine. Then we show how these MCDM methods are applied in the selection of hydraulic excavator for the studied site. We conclude with some main findings in the last section.
Materials and Methods
Rock mass classification systems or their extensions for estimating ease of excavation, excavability or diggability are often used in mining since rock excavation is highly dependent on the nature of rock mass [28] . These systems allow field engineers to get a singular index obtained by summing the ratings assigned for several parameters about the site conditions to quantify rock mass conditions. Such a rating system can only provide an indication of the ease of digging and propose the related equipment for the considered site. However, this type of classification systems should be updated so as to include newer and more powerful equipment for mechanical excavation since they evolve depending on the today's technological developments. In other words; when the equipment selection is made based on these classification systems, mechanical excavation cannot be proposed, but the rocks can be economically excavated by more powerful equipment which is not currently available in the classification systems [29] .
The assessment about the ease of excavation of rocks is usually being made according to the experience of the operators since there is no generally acceptable quantitative measure of diggability at present [30] . However, a fairly reliable indication can be obtained from similar excavations in the same materials in the area or the behaviour of the ground excavated in trial pits. In conclusion, specific mine conditions should be evaluated for the success of proper selection of excavation equipment in open pits. Inconvenient equipment choice will definitely lead to increase in unit production costs and should be avoided. Therefore, selection of the most suitable equipment for open pit mining projects should be carefully analyzed [31] .
Hydraulic excavators are considered as productive and practical machines used for rock excavation purposes in open pit mines. The digging and lifting power together with the production capabilities of hydraulic excavators have been improved due to the technological developments in machinery in last decades. Many manufacturers have also introduced computer controlled engine management systems and hydraulic support technology. For this reason, these machines are preferred in the direct excavation of rocks in open pit mines without employing drilling and blasting operations.
Deciding on the most suitable hydraulic excavator is not an easy task since there are many alternative machines which can be used in mine's operational conditions. In addition, many machine related technical factors should be considered in this decision making problem. As a result, mining companies and contractors face major challenge to meet the technical, operating and economic requirements of their mines during decision making process.
Most engineers working in civil and mining industries, in which soil and rock excavation operation is involved, perform in environments where there is a need for continuous information seeking, and where the consequences for errors are costly. Given these constraints it becomes paramount that engineers make optimal decisions [32] . For this reason, it is difficult to find the best alternative or make the right decision under this uncertain conditions and fuzzy environment.
Most of the real-world decision making problems involve imprecision or vagueness, uncertainties and fuzziness in the criteria and in the evaluations made by the experts or decision makers. Therefore, classical MCDM method may encounter serious constraints in decision making process [33] . For example, the expert or decision maker may express his/her engineering knowledge by linguistic terms (fuzzy numbers) rather than using a crisp number when assigning criterion weight during the pairwise comparisons between the criteria and alternatives. The method of pairwise comparison has also been generalized in many different ways by allowing estimates to be expressed as fuzzy sets [34] . Fuzzy set theory plays an important role to represent the human thinking when decision maker's or expert's evaluations may be vague and subjective in decision making [33] . It can cope with these uncertainties in a scientific and mathematical way by allowing the decision makers to use linguistic evaluations about the decision criteria.
One of the challenging decision making problems encountered in open pit mining operations is to choose the best equipment from a set of possible alternatives. This process is of great importance for the mine management since it involves the interaction of several subjective factors or criteria. If there is a criterion expressed in linguistic terms in the selection criteria, fuzzy logic based decision making methods should be employed. Therefore, hydraulic excavator selection problem for an open pit is solved by fuzzy-TOPSIS and fuzzy-VIKOR methods. The application procedure of these methods is briefly introduced.
Fuzzy TOPSIS method
The TOPSIS method was first developed by Hwang and Yoon [4] , based on the concept that the chosen alternative should have the shortest distance from the positive ideal solution and the furthest from the negative ideal solution for solving a MCDM problem. Thus, the best alternative should not only have the shortest distance from the positive ideal solution but also have the largest distance from the negative ideal solution [35] .
The TOPSIS method evaluates a decision matrix containing J alternatives associated with n attributes or criteria. It requires the following successive steps [4] :
Step 1: Find the following normalized measures to construct the normalized decision matrix (R):
where, x ij denotes the performance measure of the j th alternative in terms of the i th criterion for i=1, . . . , n and j=1, . . . , J. The weighted normalized matrix is computed as:
where W i is the normalized weight for criterion i.
Step 2: Construct the weighted normalized decision matrix as:
Step 3: Determine the ideal (A * ) and negative ideal (A  − ) solutions:
Step 4: Calculate the separation measure (S * j ) and the distance from the negative-ideal solution (S − j ) as:
Step 5: Calculate the relative closeness to the ideal solution: Step 6: Rank the preference order according to the order of C * j . The best alternative is the one with the shortest distance to S * j and with the longest distance to S − j .
Chen and Hwang [36] have extended the TOPSIS method, based on the fuzzy set theory to be used for solving fuzzy MCDM problems. Chen [37] suggested using the linguistic variables and fuzzy numbers given in Table 2 for evaluating the weights of the criteria and the ratings of alternatives.
The steps of the fuzzy TOPSIS method proposed by Chen and Hwang [36] are as follows:
Step 1: Construct the fuzzy decision matrix regarding to the alternatives (A 1 , A 2 ,. . . ,A J ) and criteria (C 1 , C 2 ,. . . , Cn), and identify the weight vector.
where,f ij = (l ij , m ij , r ij ) represents fuzzy rating of alternative A j with regard to criterion C i andw i denotes the fuzzy weights for the criteria.
Step 2: Normalize the fuzzy decision matrix.
where;r 
Step 3: Calculate the weighted normalized fuzzy decision
Step 4 
Step 5: Compute the distances from each alternative to the FPIS, d
where, d(. , .) is the distance measurement between two fuzzy numbers computed by vertex method.
Step 6: Calculate the closeness coefficient CC j for each alternative.
Step 7: Rank the CC j values in descending order, and select the best alternative having maximum CC j value.
Fuzzy VIKOR method
The VIKOR method was firstly proposed for multi criteria optimization of complex systems by Opricovic [5] . The method determines the compromise ranking-list, the compromise solution, and the weight stability intervals for preference stability of the compromise solution obtained with the initial (given) weights. It introduces the multi criteria ranking index based on the particular measure of closeness to the ideal solution [38] . The various J alternatives are denoted as A 1 , A 2 , . . ., A J . For alternative A J , the rating of the ith aspect is denoted by f ij , i.e. f ij is the value of ith criterion function for the alternative A J ; is the number of criteria. Development of the VIKOR method starts with the following form of Lp-metric:
where; 1≤ p ≤ ∞; j = 1 ,2 . . . , J. Within the VIKOR method L 1j (as S j in Eq. 26) and L ∞j (as R j in Eq. 27) are used to formulate ranking measure. The solution obtained by min j S j is with a maximum group utility (majority rule), and the solution obtained by min j R j is with a minimum individual regret of the opponent.
The compromise solution F c is a feasible solution that is the closest to the ideal F * , and compromise means an agreement established by mutual concessions, as is illustrated in Figure 1 by
The compromise ranking algorithm VIKOR has the following steps [39] :
Step 1: Determine the best f Step 2: Compute the values of S j and R j ; j = 1, 2, . . . , J:
where, w i is the criterion weight expressing its relative importance.
Step 3: Compute the Q j values, j = 1, 2, . . . , J:
where; S * = min
and ϑ is introduced as weight of the strategy of "the majority of criteria" (or "the maximum group utility").
Step 4: Rank the alternatives sorting by the values of S, R and Q, in descending order.
Step 5: Propose as a compromise solution the alternative (A ′ ) which is ranked the best by the measure Q (minimum) if the following two conditions are satisfied:
where, A ′′ is the alternative with second position in the ranking list by Q; DQ = 1/(J − 1); J is the number of alternatives.
Condition 2 ("Acceptable stability in decision making")
Alternative A ′ must also be the best ranked by S or/and R. This compromise solution is stable within a decision making process, which could be: "voting by majority rule" (when ϑ > 0.5 is needed), or "by consensus" ϑ ≈ 0.5, or "with veto" (ϑ < 0.5). Here, ϑ is the weight of the decision making strategy "the majority of criteria" (or "the maximum group utility"). and
DQ for maximum M (the positions of these alternatives are "in closeness").
The best alternative, ranked by Q, is the one with the minimum value of Q. The main ranking result is the compromise ranking list of alternatives, and the compromise solution with the "advantage rate".
The VIKOR method has been extended into many different forms, such as the fuzzy VIKOR (F-VIKOR) [40, 41] , the interval valued VIKOR (IV-VIKOR) [42] , the intuitionistic fuzzy VIKOR (IF-VIKOR) [43] , the interval-valued intuitionistic fuzzy VIKOR (IVIF-VIKOR) [44] , the hesitant fuzzy VIKOR (HF-VIKOR) [45] , and the hesitant fuzzy linguistic VIKOR (HFL-VIKOR) [46] .
The steps of fuzzy VIKOR method are as follows:
Step 1: Construct the fuzzy decision matrix and identify weight vector. Determine the alternatives (A 1 , A 2 ,. . . ,A J ) and criteria (C 1 , C 2 ,. . . , Cn).
where;f ij = (l ij , m ij , r ij ) denotes fuzzy rating corresponding to alternative A j with regard to criterion C i ,w i denotes the fuzzy weights for the criteria.
Step 2: Determine the fuzzy bestf 
Step 3: Compute the values ofS j andR j ,
Step 4: Compute the values ofQ j ,
where;S * = min and ϑ = 0.5.
Step 5: Rank the alternatives forS,R andQ values in ascending order, and construct three lists based onS,R and Q values. The best alternative in each ranked list is the one with the lowest value.
Step 6: Propose a compromise solution, the alternative (A ′ ) ranked the best by the measureQ (minimum) if the two conditions mentioned above are satisfied.
Comparison of VIKOR and TOPSIS methods
Although the two MCDM methods TOPSIS and VIKOR have been proposed for the problem of equipment selection in this study, there are some differences between the two methods when compared to each other [1, 39] . These differences are listed below as a guide to a decision maker for the selection of appropriate equipment:
1. Linear normalization is used by the VIKOR method, whereas vector normalization is used by the TOPSIS method. Unlike the VIKOR method, the normalized value in the TOPSIS method could depend on the evaluation unit. 2. The VIKOR method considers an aggregating function of all criteria, the relative importance of the criteria, and a balance between total and individual satisfaction. This function represents the distance from the ideal solution. On the other hand, the TOP-SIS method is based on the ranking index including the distances from the ideal point and from the negative-ideal point. These distances in TOPSIS are simply summed without considering their relative importance.
3. While the closest one to the ideal solution is the alternative with the highest ranked by the VIKOR method, the highest ranked alternative by the TOP-SIS method is not always the closest to the ideal solution, although it is the best in terms of the ranking index. Also the VIKOR method proposes a compromise solution with an advantage rate.
Case Study
The fuzzy MCDM methods are applied to select a suitable hydraulic excavator, which is one of the important equipment, for a magnesite mine (Figure 2 ) owned by Yamac mining company. The open pit, in which raw magnesite of 20000 tonnes per year has been extracted, is located in Mihaliccik district of Eskisehir in Turkey as seen in Figure 3 . A hydraulic excavator is requested for the open pit by the mine management to excavate the rocks and magnesite ore without using drilling and blasting operation. The past experiences and engineering knowledge show that direct excavation in the mine is possible with the usage of a hydraulic excavator having 300-350 HP of installed power and 40-50 tonnes of weight. However, there are many excavator alternatives in the market having the same technical specifications in different brands' product range. For this reason, it requires the use of one of the MCDM methods to select the most suitable hydraulic excavator for this open pit mine by evaluating the criteria and the alternatives. The technical specifications of alternative hydraulic excavators, which are considered to be in accordance with the mine conditions, are given in Table 3 . The alternative excavators in Table 3 are assigned with A 1 , A 2 , A 3 , A 4 and A 5 in order not to let a conflict of interest about the excavator brands in the market. An expert group consisting of five engineers, whose expertise area is rock excavation in open pit mines, is formed to decide on the best convenient hydraulic excavator for the studied site.
As a first step, the decision makers are requested to evaluate the relative importance (weight) of the criteria by linguistic variables based on the terms defined in Table 2 . Their evaluations are given in Table 4 .
And then, the expert group members also evaluate the alternative hydraulic excavators depending on the criteria 
as shown in Table 5 using the ratings given as linguistic terms in Table 2 .
Results and discussion
Fuzzy TOPSIS and fuzzy VIKOR methods to decide on the best convenient hydraulic excavator for the studied site are introduced in this section. From the linguistic evaluations of expert group mentioned above, the step by step calculation procedure is illustrated.
Implementation of fuzzy Topsis method
Step 1: The fuzzy decision matrix regarding to the alternatives is constructed as shown in Eq. 9. For this purpose, the evaluations stated in linguistic forms by the decision makers for every criterion in Table 4 and for alternatives in Table 5 are turned into fuzzy numbers by considering the corresponding weights and ratings in Table 2 . The mean fuzzy numbers for the criteria are calculated as follows since 5 decision makers assigned VH (0.9, 1.0, The calculated fuzzy weights for all criteria are given in Table 6 as the weight vector identified in Eq. 10.
For alternative of A 1 considering C 1 criterion, 5 decision makers assigned G (7, 9, 10), MG (5, 7, 9), G, VG (9, 10, 10) and MG linguistic variables. For this reason, the mean fuzzy numbers are calculated as follows: (7 + 5 + 7 + 9 + 5)/5 = 6.60, (9 + 7 + 9 + 10 + 7)/5 = 8.40, (10 + 9 + 10 + 10 + 9)/5 = 9.60.
The fuzzy ratings for all alternatives with regard to all criteria are calculated, and the fuzzy decision matrix in Eq. 9 is composed of mean fuzzy numbers (Table 7) .
Step 2: The fuzzy decision matrix in Table 7 is normalized by using Eq. 11, 12 and 14. The first fuzzy number of 6.60 for C 1 criterion based on A 1 alternative is divided to the maximum value of fuzzy rating (9.80) in Table 7 for C 1 criterion (6.60/9.80 = 0.673).
Step 3: The weighted and normalized fuzzy decision matrix in Eq. 16 is then obtained by using Eq. 17. The normalized values in step 2 are then multiplied with the fuzzy weights in Table 6 . The normalized value of 0.673 for C 1 criterion is then multiplied with the corresponding fuzzy weight of 0.82 for C 1 criterion in Table 6 (0.673×0.82 = 0.552). When the similar calculations are made for the other elements of the matrix, the weighted and normalized fuzzy decision matrix is constructed as shown in Table 8 .
Step 4: As the fuzzy ratings for each alternative in the weighted normalized fuzzy matrix in Table 8 have a value between 0 and 1, the FPIS A * is (1, 1, 1) and FNIS A − is (0, 0, 0) according to Eq. 18, 19, 20, and 21.
Step 5: The distances from each alternative to the FPIS, d Table 9 shows the d Step 6: The final decision is made by considering closeness coefficient of CC j for each alternative. For this purpose, CC j coefficients are calculated for every alternative by using Eq. 24.
The CC j coefficient for A 1 alternative is found as by using the values of 8.776 and 9.343 for d Table 10 . These values are sorted by the CC j values in descending order to find the rank of the alternatives.
The results obtained from fuzzy TOPSIS method based on expert group decisions in linguistic forms reveal that the alternative of A 3 hydraulic excavator is the best solution for the studied site.
Implementation of fuzzy VIKOR method
The fuzzy VIKOR method uses the same fuzzy decision matrix (Table 7) constructed by linguistic evaluation of the experts' opinions and knowledge as mentioned in Section 4.1. Therefore, it is possible to determine the fuzzy best f * i and the fuzzy worstf − i values without constructing another decision matrix as defined in Eq. 30.
Step 1: The best (f * i ) and the worst (f − i ) values for all criteria functions are calculated as shown in Table 11 by applying maximum and minimum operator in Eq. 32 and 33. For C 1 criterion in Table 11 , the values of 7.0, 8.8 and 9.8 (the first, second and third fuzzy numbers) forf * i are the maximum fuzzy numbers assigned for 5 alternatives according to C 1 criterion in Table 7 . Similarly, the values of 3.4, 5.4 and 7.2 for the worst (f − i ) are the minimum ones.
Step 2: The values ofS j are the sum of S j values, which mean the distance for jth alternative to the best fuzzy solution according to all of the criteria, by using Eq. 34. For example, theS j value for A 1 alternative is found as follows: The values ofS j for every alternative are similarly calculated, and the results are given in Table 12 together with the meanS j values. The values ofR j are the sum of R j values, which mean the maximum distance for jth alternative to the worst fuzzy solution according to the all criteria, by using Eq. 35. For R j value with regard to A 1 alternative is found as follows: For other alternatives, the same procedure is followed for obtaining theR j values (Table 12) .
Step 3: To calculateQ j values, the minimum and maximumS j andR j values for five alternatives should be determined (Table 13) .
The first, second and third fuzzy numbers ofQ j values are calculated for A 1 alternative by using Eq. 36 as follows: TheQ j values calculated in a similar way for other alternatives are given in Table 14 together with the mean values.
Step 4: The alternatives are sorted in ascending order according toQ j ,S j andR j values as shown in Table 15 .
It is determined that alternative of A 3 is the best solution according to theQ j index. However, it should be checked whether it satisfies the best and consensus solution (condition 1: acceptable advantage in Eq. 29). It is concluded that A 3 alternative is the best solution since A 3 alternative is also at the first rank according toR j index.
With the numerical examples presented above, it has been shown that both Fuzzy MCDM methods can be used effectively for equipment selection problem. Although both methods may currently propose the same alternative (A3), as the most appropriate option, for the considered equipment selection problem in this study, it is important to consider that a decision maker can achieve different results for different equipment selection problems. For this reason, it is suggested that the decision maker decide which proposed MCMD method is more appropriate, by taking into account the differences given in Section 2.3.
Conclusions
Open pit equipment selection problem is an important issue having strategic effects on open pit design and production planning. On the other hand, decision makers often consider only a single or a few non-judgmental decision criteria, known as deterministic. Thus, not only cost and time loss but also loss of productivity occurs frequently as a result of wrong choices that are consisting of only objective criteria but do not include any personal judgment and experience. The problem of equipment selection is a multi-criteria decision making problem due to its complex nature. Also, it is necessary for the decision makers to take into consideration all of the decision criteria as a whole, based on their experiences and personal judgments. Aiming this concept, two different fuzzy MADM methods, fuzzy TOPSIS and fuzzy VIKOR in both of which all quantitative and qualitative decision criteria can be evaluated as subjective as necessary, are presented for the problem of equipment selection in open pit mining in this study.
The following points are some main findings and contributions of the study:
1. In general; if a decision process includes subjectivity, at least 2 different multi criteria decision making A decision making process is provided in which the decision criteria and available alternatives, affecting the correct equipment selection can be evaluated not only with the objective measures but also with decision makers' subjective measures as personal experiences and judgments. 4. A case study in which the selection of an important equipment, a hydraulic excavator, together with the seventeen criteria and five alternatives by the proposed methods is provided, and the most convenient hydraulic excavator is selected for the studied open pit mine. In this way, it is demonstrated that the presented fuzzy methods are considerably effective in practice for equipment selection purpose. 5. When the presented decision making process and the provided case study are evaluated together, it can be easily seen that the proposed fuzzy MADM methods are also applicable to the selection of any equipment used in earth sciences. 6. The experts use simple linguistic terms, such as "high, very high", to evaluate the criteria and the alternatives in the proposed MCDM models. When an expert is uncertain or hesitant about his opinion, he may say "it is between high and very high" during pairwise comparisons. In this case, we advise to use hesitant fuzzy linguistic models proposed by Liao et al. [46] .
